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Two parallel neutron powder diffraction investigations were performed on different specimens of ErD2 at the
LLB sCEN, Saclayd and at NIST for the determination of its magnetic structure. It comprises, below
TN=2.23 K, two coexisting sinusoidally modulated antiferromagneticsAFd configurations,M8 and M9, with
the respective incommensurate propagation vectors,k8=s0.275,0.275,0.750d, together with its third harmonic
3k8, and k9=s0.120,0.120,0.750d. Contrary to other heavy rare-earth dideuterides, no commensurate AF
configuration could be detected down to 120 mK. On the other hand, similar to earlier observations on HoD2

and TbD2, magnetic short-range ordersSROd shows up near 1.5 K in ErD2 after the disappearance of certain
M9 lines. This SRO seems to correlate with the hexagonalg-phase of the trideuteride and suggests an elec-
tronic phase separation with memory effects.
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I. INTRODUCTION

b-ErH2 is the heaviest of the magnetically ordering cubic
rare-earthsRd dihydrides; TmH2 is a van Vleck paramagnet
with a nonmagnetic ground state and the atypicalsortho-
rhombicd YbH2 is nonmagnetic because of the divalency of
the Yb ion and its filled 4f shell. It is also the last where
reliable qualitative and quantitative magnetic scattering data
down to the lowest temperatures have been lacking.sFor a
general review of the situation inR-H systems up to 1995
see, e.g., Ref. 1.d Magnetic ordering in ErH2 was first ob-
served by specific heat2 and Mössbauer3 measurements at
2.1 to 2.3 K and attributed to antiferromagnetismsAFd. An
ill-defined nonstoichiometric sample of ErH2.08 exhibited a
TN=2.6 K in magnetic susceptibility experiments.4 This field
was then extended to superstoichiometric systems through
the whole b-phase range,b-ErH2+x up to its limit of
xmax=0.09 sRefs. 1 and 5d, by susceptibility6 and resistivity7

measurements showing the striking influence of the excess
sxd H atoms on octahedralsOd sites—the two other H atoms
filling ideally the two tetrahedralsTd sites of the CaF2-type
cell—and explaining in part the variations inTN of the earlier
results. sThe latter work had also revealed metal-
semiconductor transitions, forx-rich specimens, driven by
H-sublattice order/disorder phenomena.d Finally, the excita-
tions due to the crystal electric field were studied by inelastic
neutron scattering8 and its influence upon the spin-disorder
resistivity in the paramagneticsPMd state by electrical
measurements.9

The magnetic structure of ErD2 was investigated, together
with an exploratory series of other heavyR-dideuterides, in a
neutron-powder diffractionsNPDd study down to 1.5 K by
Shakedet al.10 They confirmed the transition atTN=2.15 K
and attempted to determine the magnetic configurations
present. Contrary to three other investigated systems,RD2,
with R=Tb, Dy, and Ho, they had not been able to fit the
low-temperature spectra of ErD2 with a unique structure

based on the chemical lattice and, therefore, suggested
the simultaneous presence of both commensurate and
incommensurate components. It was, thus, essential to pur-
sue the NPD experiments pushing to still lower temperatures
in the hope of separating the possibly coexisting and/or
overlapping magnetic structures and to determine their con-
figurations, similarly to what we had already done in refined
form with TbD2,

11 DyD2,
12 and HoD2.

13 In what follows, we
are presenting NPD results obtained with two different
specimens of ErD2 and down to aT of 120 mK. We have
established the simultaneous presence of two incommensu-
rate magnetic structures below 2.23 K and determined
their configurations; no commensurate AF structure as sug-
gested by Shakedet al.10 could be detected above 120 mK.
In addition, magnetic short-range ordersSROd stable up to 4
to 5 timesTN is observed and compared with similar phe-
nomena in TbD2 sRef. 11d and HoD2 sRef. 13d. Its signifi-
cance is discussed in the context of possible electronic phase
separation.

II. EXPERIMENT

Two sets of powder specimens were prepared for the work
at LLB Saclay on the one hand and at NIST on the other
hand. The former used Er of 99.9% metallic purity as starting
material, the latter had purer, 99.99% Er as basis. The load-
ing procedure was identical in both cases and has been de-
scribed earlier, for example, in Ref. 7, absorption of a cali-
brated volume of D2 at 600 °C–650 °C to fill the available
T-sites, with subsequent pumping off eventual excessO-site
atoms at 400°C–450 °C. The final LLB sample corre-
sponded to a composition of ErD1.93 and contained—as will
be seen later—several % of Er2O3; the NIST sample was
ErD1.99.

The neutron diffraction was performed at LLBsSaclayd at
the cold neutron guide of the Orphée reactorsspectrometer
G4.1d employing a wavelength ofl=2.425 Å and taking
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spectra for 8ø2Qø88 deg in 0.1 deg steps, in theT-range
1.4 to 5 K. At NIST, we had used a Cus311d monochromator
at a wavelengthl=1.540 Å, covering a spectral range of
3ø2Qø168 deg, taking steps of 0.05 deg and working be-
tween 0.120 and 3.5 K. The data were analyzed and refined
using the Fullprof program14 at LLB and the GSAS
program15 at NIST.

III. RESULTS

A. Nuclear reflections

The results of the two experiments at LLB and at
NIST were identical as concerns the observed ErD2 line
positions on the diffraction spectra when taking into account
the difference in wavelengths. However, as mentioned
in Sec. II, it was discovered that the LLB sample contained
between 5% and 10% of the oxide Er2O3 sprobably
formed during the preparationd, which had to be taken
care of in the analysis. No oxide lines were visible on the
NIST spectra.

Figure 1 presents the NPD spectrum of the LLB sample
at T=5 K, well above the PM-AF transition temperature
of ,2.2 K. The exhibited nuclear reflections were fitted
with two chemical unit cells, the matching ticks and
the difference spectra in the lower part of Fig. 1 indicating
satisfactory qualitative agreement. We had used, for
ErD2, a CaF2-type sFm3md unit cell, with a cell parameter
of asErD2d=5.116s1d Å, yielding a reliability factor
RNsErD2d=2.93%. The oxide reflections were fitted by
pattern matching, employing the cubic Tl2O3-type sIa3d
cell, with a parameter ofasEr2O3d=10.553s3d Å. Already
now we wish to draw attention towards the broad SRO
peak visible around 2Q=20 deg and to which we shall come
back later.

B. Magnetic reflections

Figure 2 shows again a spectrum of the LLB sample, this
time at the lowest temperature taken,T=1.42 K. The accu-
mulated intensityslow backgroundd and the large neutron

FIG. 1. Neutron powder diffraction spectrum
at T=5 K of the LLB ErD2 specimen exhibiting
also some nuclear reflections of Er2O3. The ticks
indicate a fit with ErD1.93 as main refined struc-
ture and 5%–10% Er2O3 as additional contribu-
tion; the difference between calculated and ob-
served spectra is shown at the bottom. Note the
magnetic SRO structure near 2Q,21 deg to be
discussed later.

FIG. 2. NPD spectrum at 1.42 K of the LLB
ErD2 specimen exhibiting the nuclear and mag-
netic reflections of ErD1.93 and Er2O3. The ticks
represent the calculated reflections of the follow-
ing contributionssin decreasing orderd: ErD2sNd,
Er2O3sN+Md, ErD2sM8d, ErD2s3M8d, ErD2sM9d
ssee textd.
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wavelength permit a clear separation of the nuclear and
the magnetic lines and the corresponding matching. The
five series of ticks indicate the nuclear and the magnetic
sBraggd reflections of the erbium dideuteride and the
erbium oxide. The magnetic structure of Er2O3 was obtained
by profile matching and corresponds nicely to the
noncollinear AF as determined by Moonet al.;16 we
shall only consider its contribution to the magnetic intensity
and shall show the temperature dependence further on in
Fig. 4

The magnetic structure of the erbium dideuteride was best
fitted as consisting of two coexisting configurations.

s1d A sinusoidally modulated AF,M8, with a propagation
vector k8=s0.275,0.275,0.750d, which is close to a com-
mensurate configuration withk =1/4s113d, with a fourfold
larger unit cell than the nuclear matrix. It also contains its
third harmonic, 3M8, squaring up with the propagation vec-
tor 3k8=s0.825,0.825,0.750d; the reliability factor was
RM8=16%.

s2d Another sinusoidally modulated AF,M9, with a propa-
gation vector k9=s0.120,0.120,0.750d, i.e., close to
1/8s116d.

ConfigurationM8 corresponds to the higher-temperature,
intermediate structure, postulated by Shakedet al.10 and
indeed observed and determined by two of the authors of
this paper in DyD2 sRef. 12d and HoD2 sRef. 13d but not in
TbD2. On the other hand, the second configuration,M9,
resembles that of the intermediate structure in TbD2
determined in Ref. 11 as close to 1/8s116d, namely
k =s0.123,0.137,0.754d. Neither of those, however, corre-
sponded to the searched for configuration which would
be really commensuratewith the quadruple of the chemical
cell s0.250, 0.250, 0.750d. We had hoped to see it when going
to even lower temperatures, to justify the appellation
intermediate, such as was the case with TbD2 sRef. 11d and
HoD2.

13 For DyD2,
12 the intermediate configuration was fol-

lowed by another at lowerT, which was closer to 1/4s113d
but not quite commensurate yet, namelys0.258, 0.273,
0.750d.

The crucial experiment performed at NIST with another
ErD2 specimen down to 120 mK did not show any additional
lines nor any significant line shift to represent a commensu-
rate structure. Figure 3 shows the spectra of the NIST
sample in the paramagnetic region, at 3.5 K, and that at
the lowest temperature taken,T=120 mK, selected in an
angular region such as to be directly comparable to the
interesting range of the LLB spectrum of Fig. 2. Thus,
ErD2 seems to defend its special position in the group
of the heavyRD2’s by refusing to transform its incommen-
surate magnetism into a commensurate one even as low
as 120 mK.

Figure 4 exhibits the temperature dependence of selected
magnetic reflections, the 2Q,23 deg line representing the
most intensive magnetics113d peak for ErD2 sM8d and
2Q,33 deg for Er2O3, of the LLB experimentfFig. 4sadg;
the 2Q,14.6 deg line of NIST scorresponding to the
2Q,23 deg line of LLBd down to the lowestT fFig. 4sbdg.
We note a final approach towards saturation at 120 mK, with
an absolute value for the Er moment, calculated taking into
account the contributions of theM9-line intensity and that of
the SRO, asM =s5.5 to 6dmB; close to that observed in the
oxide Er2O3 by Moonet al.16 The Néel temperature of ErD2
is TN=2.23s1d K, for the LLB specimen, slightly bigger
than that of NIST, TN=2.0s1d K, which could indicate
minor traces of octahedralx-atoms sless than 1%d in the
latter; TN was shown before to be quite sensitive to the
stoichiometry of the sample.7 An attempt to fit the data in the
form of M ~ s1−T/TNdb was not very satisfactory and de-
pended on theT-range used; the obtained critical exponent
b=0.2 to 0.4 was closer to the 1/3 of a 3D Ising model than
to the 1/2 of the mean field one. The data concerning the
interesting structural and magnetic results have been col-
lected in Table I. The ordering temperature of the oxide,
TNsEr2O3d=3.5s1d K, is in agreement with that determined
by Moon et al.16 to 3.4 K.

C. Magnetic SRO

As already noted above the spectrum in Fig. 1 contained a
broad SRO structure near 2Q,20 deg at a temperature well

FIG. 3. NPD spectra of the NIST specimen
taken at 3.5 K and at 120 mK, showing the same
magnetic reflections as the LLB sample of Fig. 2
at 1.42 K. The x axis was expanded by the
factor lLLB /lNIST=1.575, for easier comparison.
Note also the magnetic SRO structure near
2Q,13 deg in the 3.5 K spectrum to be com-
pared with that of Fig. 1.
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aboveTN. We decided to explore this somewhat closer in a
wide temperature range, a selected view of which is pre-
sented in Fig. 5. Here, we have chosen to represent the spec-
tra as a function of the wave vector,Q=2Q /l, to be able to
plot the results of both experiments, LLB and NIST, on the
same graph, for immediate comparison. A clear bump is vis-
ible at Q,0.95 Å−1 after the disappearance of the magnetic
lines belonging to the configurationM8 smainly at
Q=0.95 Å−1d; the separation fromM9 is less evident, the
latter seems rather to transform to SRO around 2 K. A sec-
ond smaller but still distinct asymmetric bump exists at
Q,1.55 Å−1, also apparently transforming around 2 K from
the complex peak containingM8 and M9 lines. The NIST
samplespresented as uppermost spectrum in Fig. 5d does not
exhibit any SRO at the lowest temperature of 120 mK, but
does so at 3.5 Kssee Fig. 3d, in the same respective spectral
region. A comparison with this 120 mK spectrum permits, on
the other hand, to note an indication for the presence of a
weak SRO background already in the lowest-T LLB spec-

trum at 1.4 K. The analysis of the peak width gave a corre-
lation lengthjM varying with increasing temperature from
50 to 30 Å, up toT<10 K, which is more than four times
TN!

The situation is strikingly reminiscent of the observations
made earlier on the system HoD2+x sRef. 13d where
two SRO peaks had shown up, for the pure dideuteride
sx=0d, after the disappearance of the low-T commensurate
phase aboveT1 serroneously calledT2 in Ref. 13d
and roughly on the same positions; in the case of the
superstoichiometric HoD2.12 specimen, the same but
much more intense SRO peaks appeared immediately at the
lowestT.

We have reconsidered the situation in view of the
newly obtained results on ErD2 and have retreated the
temperature dependences of HoD2 sRef. 13d and also of
TbD2 from Ref. 11 in the interesting range aroundTN,
corresponding toT2 in these papers. When doing this
one notes the striking resemblance, mentioned above, be-
tween the spectra in Fig. 5 and those of the above systems,
not only as concerns the positions of the SRO peaks but also
their widths—giving correlation lengthsjM decreasing from
55 to 30 Å with increasing temperature—and even their
asymmetric shape; the existence range of SRO in HoD2 was
determined to be betweenT1,3 to 4 K and 40 to 45 K,
more than six timesTN,7 K. For TbD2, the peaks
were broader but at the same positions and the existence
range shifted to higherT’s like all the other magnetic
manifestationsssee Ref. 11d; the correlation lengths are
jM =20 to 15 Å betweenT1,16 K and.50 K, three times
its TN of 19 K.

IV. DISCUSSION

A. Magnetic structures

It has already been notedse.g., Refs. 10 and 13d that great
qualitative similaritiessbut also differencesd existed between
the four heavyR dihydridessdideuteridesd with R=Tb, Dy,
Ho, and Er, in that they all presented sinusoidally modulated
configurations with commensurate or incommensurate
propagation vectors of the formk =sz , ,z , ,1−zd or
sz , ,z , ,1−2zd, such as 1/4s113d and 1/8s116d. fGdHsDd2 is
sinusoidally modulated AF of the MnO-type with
k =1/2s111d ssee Ref. 17d which can, formally, also be rep-
resented bysz , ,z , ,1−zd but rather belongs, together with
CeD2, PrD2, and SmD2, to the group of the lightRHsDd2

systems.g
This was recognized in theoretical work by Liu18 who

had connected the appearance of the above configurations
with special features of Fermi-surface nesting and

TABLE I. Structural and magnetic parameters obtained for ErD2

ssee textd.

asÅd RNs%d TNsKd ksAFd RMs%d MsmBd

5.116s1d 2.93 2.23 k8=s0.275,0.275,0.750d 16 5.5–6

k9=s0.120,0.120,0.750d

FIG. 4. Temperature dependence of the integrated intensities
of several magnetic lines,sad the s113d 2Q,23 deg line for
ErD2 sfilled circlesd and the 2Q,33 deg line for Er2O3

sempty circlesd, of the LLB experiment between 1.4 and 4 K;sbd
the 2Q=14.6 deg line from the NIST experimentscorresponding to
the 2Q,23 deg line of the LLBd between 0.12 and 3.5 K.
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reproduced part of the experimental observations such
as the low-T commensurate structures. But neither the
presence of coexisting or overlapping second intermediate
structures nor their eventual incommensuracy have been
predicted by theory and are most probably related to the
frustrating interference of the RKKY polarization exchange
interaction and the crystal electric field.

On the other hand, a formal analysisvia a group-
theoretical approach towards the symmetry of magnetically
ordering crystals could be attempted, such as for example,
discussed by Izyumovet al.19 There, the authors treat certain
modulated phases as possible deviations from a Lifshitz star
with wave vectork0 sby itself corresponding to a special
point in the Brillouin zone and, thus, in the Fermi surfaced, in
the form k =k0+dk, which can be applied in our cases to

yield
sid for M8, k8=s0.275,0.275,0.750d=1/4s113d

+1/40s110d where k0=1/4s113d and dk =ms110d with
m=1/40;

sii d for M9, k9=s0.120,0.120,0.750d=1/4s113d
−13/100s110d where k0=1/4s113d and dk =ms110d with
m=−13/100;

The observed deviations from the Lifshitz star
k0=1/4s113d, expressed in the formms110d, would then rep-
resent a quantitative description of the interfering RKKY in-
teraction.

B. Magnetic SRO

The magnetic SRO associated with the spectra in Fig.
5 for ErD2, as well as with those of TbD2 sRef. 11d
and HoD2,

13 had also been observed in Ref. 13 for the
superstoichiometricb-HoD2.12—but with bigger intensity,
which had allowed to detect a third SRO structure at higher
angles snear Q,2.9 Å−1d and, consequently, to attempt
their analysis. We were surprised, at that time, not to be
able to fit the three magnetic peaks within the cubic

b-dihydride lattice of the matrix but only when using the
hexagonalg-trihydride cell and its parameters. It was sug-
gested in Ref. 13 that we were facing here a kind of memory
effect such as observed in martensitic transformations, the
more so as there exists an orientation relationship between
the fcc b-phase and the hcpg-phase in the form
f110g / / f11-20g and s111d / / s0001d, with the parameters
asfccd / Î2=ashcpd.

It was, therefore, quite encouraging that, in the meantime,
experiments on switchable mirrors in the system La1−zYzHx
performed by van Goghet al.20 permitted to detect the
presence ofg-YH3 nuclei in b-YH2 and vice versa, which
could be considered as the origin of the strong hysteresis
effects observed in their films. In addition, this could also
be the basic mechanism for the electronic phase transforma-
tion sphase separationd which exists in the form of
metal-semiconductor transitions in several superstoichiomet-
ric R-dihydrides near the phase boundary1 and, more
generally, serves to explain the colossal magnetoresistance
effects in some magnetic oxides.21 In the present case of
the magneticR-hydrides, we apparently observe competing
magnetic orderings in theb-phasesproducing SROd, with
the formation of large localR-momentssvarying from site to
site in size and orientation but correlated over tens of
angstromsd and concomitant crystal field anisotropy. The
latter would then be responsible for the described memory
effects.

Finally, we wish to mention in this context—and support-
ing the above ideas—that preliminary results obtained
by the authors at NIST on ag-ErD3 powder specimen
indicate an asymmetric magnetic SRO structure in the
spectral range in question, which disappears atTN =590 mK,
corresponding nicely to that estimated by Flood,TN,0.6 K,
from saturation- magnetization measurements.22

V. CONCLUSIONS

We have determined the magnetic structure of ErD2
and established that it contains, belowTN=2.23 K, two

FIG. 5. NPD spectra of the
LLB ErD2 specimen at various
temperatures between 1.4 and
2.3 K sin decreasing orderd and
the superimposed 120 mK spec-
trum of the NIST specimen, plot-
ted as a function of the wave vec-
tor Q, to show the evolution of the
SRO structure atQ,0.95 Å−1

and 1.55 Å−1.
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coexisting sinusoidally modulated AF configurations
incommensurate with the chemical lattice, which can be
represented by

s1d M8 :k8=s0.275,0.275,0.750d=1/4s113d+1/40s110d
and its third harmonic 3M8 with s0.825,0.825,0.750d
=3/4s111d+3/40s110d;

s2d
M9 :k9=s0.120,0.120,0.750d=1/4s113d−13/100s110d

Contrary to expectancy and to other heavyR-dideuterides, no

commensurate AF configuration could be detected down to
120 mK.

Magnetic SRO appears in ErD2 around 1.5 K near
Q,0.95 Å−1 and 1.55 Å−1 and is present up to,10 K. It
seems to transform out of certainM9 lines and is comparable
to the magnetic SRO’s observed earlier in HoD2 and TbD2,
where it had shown up after the vanishing of the low-T com-
mensurate phases atT1. The correlation of this SRO ob-
served in the cubicb-phase to the parameters of the hexago-
nal g-phase suggests an electronic phase separation with
memory effects.
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